Water monomer adsorption on graphene is examined with state-of-the-art electronic structure approaches. The adsorption energy determinations on this system from quantum Monte Carlo and the random-phase approximation yield small values of <100 meV. These benchmarks provide a deeper understanding of the reactivity of graphene that may underpin the development of improved more approximate methods enabling the accurate treatment of more complex processes at wet-carbon interfaces. As an example, we show how dispersion-corrected density functional theory, which we show gives a satisfactory description of this adsorption system, predicts that water undergoes ultra-fast diffusion on graphene at low temperatures. There is great interest in exploring the interaction of water with carbon, such as graphene, graphite, or carbon nanotubes. This comes from a desire to understand phenomena such as lubrication, heterogeneous ice nucleation, the properties and function of carbon nanotubes in biological media, the structural and phase behavior of water at the nanoscale, to name but a few.
There is great interest in exploring the interaction of water with carbon, such as graphene, graphite, or carbon nanotubes. This comes from a desire to understand phenomena such as lubrication, heterogeneous ice nucleation, the properties and function of carbon nanotubes in biological media, the structural and phase behavior of water at the nanoscale, to name but a few.
1,2 However, at the molecular level, understanding is far from complete with the most fundamental matter of how strong the bond is between water molecules and any carbon surface yet to be established. This seemingly simple issue is at the foundation of our understanding of water-carbon interfaces, illustrated, for example, by simulations of water in carbon nanotubes. Empirical potential calculations with one choice of water-carbon interaction predict filled tubes, but with another, involving a minute reduction in the attraction between water and the tube wall, almost empty tubes. 3 Likewise, other simulations show that a small variation in the strength of the water-carbon bond leads graphite surfaces to appear as hydrophobic, but with another hydrophilic. 4 Clearly, if progress is to be made in interpreting experiments or in accurately simulating complex wet-carbon interfaces, a reliable value for the bond strength between water and carbon is essential.
Establishing reliable adsorption energies for water monomers is a major challenge for both experiment and theory. Experiment is stymied because water forms clusters. Theory finds it difficult because water interacts with materials via dispersion [van der Waals (vdW)] and hydrogen bonding. These are interactions which density functional theory (DFT), the most widely used electronic structure theory, does not normally describe with enough precision. With this in mind, water on graphite or graphene has been used as a model system with which to benchmark the water-carbon bond strength. [5] [6] [7] [8] [9] [10] [11] [12] Traditionally, fused benzene rings (a finite cluster model) have been adopted, enabling the application of explicitly correlated quantum chemistry approaches. Adsorption energies from these approaches range from −100 meV to more than −200 meV, 5, 7, 9 with recent values being about −130 to −140 meV. 11, 12 However, these calculations do not involve truly extended models for graphene and hence a priori neglect correlation contributions from the bands close to the Dirac point.
Recently, diffusion Monte Carlo (DMC) and the randomphase approximation (RPA) to the correlation energy have emerged as exciting alternative approaches that can achieve high accuracy for condensed phase systems (e.g. Refs. [13] [14] [15] . Indeed, because they can be applied to periodic systems, they have the potential to transform the quality of predictions of adsorption energies. However, so far their application to adsorption has been limited 16 in no small part to their large (RPA) and enormous (DMC) computational cost. Here we present periodic first-principles results for the prototype water-graphene system, using both DMC and RPA. Small values of the adsorption energy of <100 meV are obtained, suggesting that graphene may be less reactive towards water than previously thought. Not only do the benchmark adsorption energies obtained here provide new physical insight, but they also allow us to evaluate the performance of the much cheaper and much more widely used DFT-based approaches. We find that the results from DFT depend strongly on the exchangecorrelation functional used, and only when dispersion forces are accounted for does DFT yield reasonable adsorption energies. Using one such dispersion-corrected DFT approach, validated against the accurate reference data, we go on to show that water undergoes ultra-fast diffusion on graphene at low temperatures.
The calculations were performed with several electronic structure codes. Typically graphene is represented by a hexagonal 5 × 5 supercell sampling the electronic structure at the point only. This is large enough to model adsorption of an isolated water monomer. Tests in other cells are also reported. The vacuum spacing between slabs was >14Å. The DFT calculations used the Car-Parrinello Molecular Dynamics (CPMD) plane-wave code, 17 Troullier-Martins pseudopotentials, 18 and a 100 Ry cutoff. The DMC calculations have been performed with the CASINO code, 13 using structures obtained from DFT with the Perdew-Burke-Ernzerhof exchange-correlation functional. 19 With the longest simulations, the statistical error (one standard deviation) is ∼10 meV. Further details of the DMC setup are given in Ref. 20 ; a benchmark study on the water-benzene binding energy curve which showed that the current DMC setup agrees with coupled cluster with single and double excitations plus a perturbative correction for connected triples [CCSD(T)] extrapolated to the complete basis set limit to within 3 meV. The RPA calculations have been performed using the Vienna Ab-initio Simulation Package code, projector-augmented wave potentials and an energy cutoff of 30 Ry. The technical parameters are otherwise similar to recent work on graphite. 15 As a test of RPA on this type of system, calculations were performed for water-benzene finding agreement with Ref. 19 to within 10 meV. Figure 2 summarizes the binding energy curves for water on graphene obtained with DMC, RPA, and various xc functionals. Results from two adsorption structures previously discussed in the literature 5,7-9,11,12 are reported. In one structure, referred to as one leg, one of the OH bonds is directed at the surface [ Fig. 1(b) ]. In the other structure, referred to as two leg, the water is located over the center of a hexagon ring with the two hydrogens equidistant from carbon atoms. The details of the adsorption structure and the adsorption energy E ads 20 at the minimum of each adsorption energy curve (when there is one) for the various xc functionals are also given in Table I .
We first discuss the DMC results. About 10 adsorption structures over a range of oxygen heights from 3.0 to 7.2Å have been computed. Due to the enormous computational cost of DMC, it is not feasible to obtain binding curves with small enough statistical error bars on each data point that allow the precise equilibrium height and exact E ads to be determined. Nonetheless, it is clear that E ads for the two-leg structure is about −70 meV and for the one-leg structure around −60 meV, with the equilibrium height in each case ∼4.0Å. For both structures, there is a small dip in the binding energy at 6.0-6.5Å. The origin of this putative minimum is unclear; it may be due to statistical errors or to the presence of a second shallow minimum at large water-graphene distance.
The RPA calculations were initially performed in the 5 × 5 unit cell, yielding E ads of −81 and −77 meV for the one-leg and two-leg structures, respectively, in good agreement with DMC. The main difference from DMC is a slight shift towards smaller water-graphene distances and the absence of the shallow minimum at large distances. To converge the TABLE I. Adsorption energy E ads and height (O-graphene perpendicular distance) for the one-and two-leg configurations of water on graphene (see Fig. 1 ) with various methods. For DMC an error bar of ∼10 meV is also given based on the range of values obtained at the broad minimum of the DMC binding energy curve. RPA values in parenthesis are for the 5 × 5 unit cell, the others are obtained with a combination of 2 × 2 and 8 × 8 unit cells for the correlation and Hartree-Fock energies, respectively, as described in the text. BLYP and B3LYP yield purely repulsive binding energy curves (Fig. 2) and so are not reported here.
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results with respect to Brillouin zone sampling, we performed additional calculations for a 4 × 4 cell using 2 × 2 × 1 k points and a 2 × 2 cell with up to 8 × 8 × 1 k points. The changes of the correlation energy upon adsorption of water are identical to within 5 meV for the 4 × 4 and 2 × 2 cell, if identical k-point spacings are used. This indicates that correlation energy differences are fairly independent of coverage. Although the same is not observed for other contributions to the total energy (kinetic, Hartree, and exact-exchange energy), we can obtain very accurate results by combining the correlation energies for a 2 × 2 cell using 8 × 8 × 1 k points with the Hartree-Fock energy evaluated for a larger 8 × 8 cell and 2 × 2 × 1 k points (Table I) . Further test calculations indicate that these results are converged to better than 10 meV. The differences to the straightforward 5 × 5 calculations (applying the point only) depend on the orientation of the H 2 O molecule. For the two-leg structure, the 5 × 5 calculation underestimates the binding energy by 20 meV, whereas for the one-leg structure the results for the 5 × 5 unit cell are practically identical to the more accurate results. Since k-point convergence is expected to be similar for RPA and DMC, we expect that the converged DMC binding energy for the two-leg structure is about −90 meV. The RPA correlation energy is sufficiently smooth to analyze its analytical behavior. As expected for the interaction between an insulating (or semiconducting) sheet and a molecule, the correlation energy is, to a good approximation, proportional to 15 eVÅ 4 /(d-0.25Å) 4 , where d is the distance between the O atom and the graphene slab; the center of polarizability of the water molecules is obviously shifted towards the H atoms. Due to the large supercell and the limited vacuum width, analysis at very large distances, as done for graphite, 15 should yield accurate results. The RPA calculations and the simple analytic behavior up to 7Å from the surface also suggest that the shallow DMC minimum at large distances is likely a sampling artifact rather than a real physical feature.
Having established reference values of −70 to −98 meV from DMC and RPA, it is interesting to briefly assess the performance of certain DFT xc functionals, not least because DFT is currently the method of choice in first-principles studies of water adsorption. First and foremost, it is clear from Figs. 2(c) and 2(d) that the different xc functionals give very different results with the predicted E ads ranging from zero to about −150 meV. Not surprisingly, for both configurations, LDA gives the largest E ads and smallest adsorption height (∼3Å). PBE is a very popular xc functional, 21 widely used in water adsorption studies. Here PBE gives an E ads of −31 meV, with the difference in E ads between the two configurations being only 4 meV. The shallow adsorption minima are at around 3.65Å for both configurations, about 0.6Å higher than the LDA value. One of the revised versions of PBE, revPBE, 22 predicts nearly no binding, and the hybrid version of PBE, PBE0, 23 predicts curves that are almost indistinguishable from PBE. Becke-Lee-Yang-Parr (BLYP) is widely used for liquid water. 24, 25 However, in this system, BLYP predicts a repulsive interaction for both configurations. Likewise, Becke 3-parameter Lee-Yang-Parr (B3LYP), [24] [25] [26] [27] [28] the hybrid functional, predicts no binding whatsoever to the surface.
The DFT results strongly depend on the xc functional used with none of the functionals coming even within 20-30% of the reference energies. Furthermore, all functionals considered decay exponentially at large distances and fail to predict the correct 1/d 4 medium-range behavior. This poor performance is due to the inadequacies of standard xc functionals in treating vdW forces. Strategies for dealing with vdW forces within DFT are usually based on xc functionals that explicitly account for nonlocal correlation or empirical C 6 R −6 corrections dispersion (DFT-D). [29] [30] [31] [32] Considering the RPA binding curve with an almost perfect 1/d 4 behavior, DFT-D seems to be a good choice for correcting for the deficiencies of DFT. This has been done for both the PBE and the BLYP functionals by adopting Grimme's protocol. 31 The calculated adsorption energies and structures obtained from DFT-D with the PBE and BLYP functionals are shown in Table I . Since both curves are similar, we only plot the PBE-D curve in Figs. 2(c) and 2(d). The first general conclusion is that this vdW correction scheme outperforms the regular xc functionals with reasonably good agreement with DMC and RPA. The agreement with the RPA and the k-point corrected DMC results is in fact excellent, and even the slight preference for the two-leg structure is reproduced. In particular, the equilibrium distances as well as the long-range behavior are in very reasonable agreement with RPA. This suggests that DFT-D is capable of recovering the essential physics of this adsorption system with a computational effort that is several orders of magnitude less than that of RPA and DMC.
The improved performance of DFT-D over the standard xc functionals allows the dynamical properties of the water monomer on graphene to be briefly considered. To this end, we have performed molecular dynamics (MD) simulations with the PBE-D approach at 100 K (a low enough temperature to inhibit water desorption). 33 During the simulation, the water molecule undergoes a random walk, and the estimated diffusion coefficient is 0.6Å 2 /ps. This is about an order of magnitude greater than the self-diffusion coefficient of liquid water and indicates an ultra-fast diffusion of the water monomer. This result relates well to the observation made in the introduction: it will be difficult to determine the adsorption energy of isolated water molecules experimentally, since diffusion on graphene is so rapid that water molecules will always agglomerate and form larger hydrogen-bonded clusters.
In conclusion, we have obtained the first explicitly correlated results (from both DMC and RPA) for adsorption on a periodic graphene sheet. From DMC and RPA a value of −70 to −98 meV has been obtained for each of the two water configurations tested with a slight preference for a structure with two hydrogens oriented towards the surface. These values are below the range obtained from calculations on cluster models. The rather close agreement between DMC and RPA suggests that our values can serve as valuable benchmarks and aid in the development of improved approximate methods for treating the water-carbon interface, such as new DFT xc functionals and force fields. Aside from providing a long sought-after benchmark on a periodic graphene sheet, we have examined how some of the most popular DFT xc functionals used in water adsorption studies perform for this system. None of the functionals considered provide a satisfactory description of the water-graphene interaction, unless dispersion forces are accounted for. Using the empirical DFT-D scheme we find, through MD simulations, that water monomers undergo ultra-fast diffusion on graphene at low temperatures. Such dispersion-corrected DFT schemes provide a relatively cheap and pragmatic scheme for obtaining improved accuracy for complex systems beyond the reach of DMC and RPA, such as liquid water graphene interfaces or carbon nanotubes immersed in water.
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